We report high luminance organic light-emitting diodes with a simple and easy processing device structure, by use of acid functionalized multi-walled CNTs as efficient hole injectors. At only 10 V, the luminance can reach nearly 50,000 cd/m 2 with an external quantum efficiency over 2% and a current efficiency greater than 21 cd/A. The investigation of hole-only devices shows that the mechanism of hole injection is changed from injection limited to bulk limited because of the higher effective work function of the anode modified by o-MWCNTs. We expect the enhancement of the local electric field brought by dielectric inhomogeneities within o-MWCNTs, which improves hole injection from anode to organic active layer at much lower applied electric field. The results are among the best reported for undoped Tris(8-hydroxyquinolinato)aluminum (Alq 3 ) fluorescent devices, and the technology can be applied to other organic electronic devices that need high current density injection or extraction.
Introduction
Organic light-emitting diodes (OLEDs) are enjoying enormous interest due to their potential applications in flat panel displays and solid state lighting, and significant advances have been made in the last two decades [1, 2] . It is well known that the performance of OLEDs is largely dominated by charge injection from both electrodes [3] . Up to now indium tin oxide (ITO) has generally been used as the anode in OLEDs because of its high transparency and appropriately large conductivity. However, the surface of ITO is chemically and physically ill defined, which may degrade the performance of the holeinjecting electrode in OLEDs and other applications. Many methods have been successfully used to modify the surface of ITO, such as ultraviolet ozone cleaning and oxygen plasma exposure, which are considered to increase the work function of ITO and thus enhance hole injection [4, 5] . Moreover, direct hole-injection from ITO in most organic materials is inefficient due to the energy level mismatch at the interface. High operating voltages are needed to overcome the injection barrier, resulting in reduced efficiency. Therefore, various hole-injection layers have been incorporated at the ITO-organic interface to improve hole injection with a view of energy level matching, such as in the case of copper phthalocyanine (CuPc) [6] , 4, 4', 4"-tris-(3-methylphenylphenylamino)triphenylamine (m-MTDATA) [7] , polyethylene dioxythiophene:polystyrene sulfonate (PEDOT:PSS) [8] , and transition metal-oxides [9, 10] . It is well known that interposing a hole injection layer of CuPc significantly improves the device lifetime, but strong absorption in the visible region, particularly in the red color, decreases the electroluminescent (EL) efficiency [11] . PEDOT:PSS is another widely used hole injection layer in polymer light-emitting diodes (PLEDs), although the aqueous PEDOT:PSS dispersion can cause degradation due to its acidic nature and the presence of moisture, leading to reduced device lifetime [12, 13] . The introduction of PEDOT:PSS also decreases the transmittance of the ITO substrate, which is not helpful in light management [14] . A further alternative is offered by carbon nanotubes (CNTs), including single-walled (SW) and multi-walled (MW). This is due to their remarkable properties, including high electrical conductivity, mechanical strength, excellent chemical stability and tunable 4 work function (4.5-5.1 eV) [15] . Another aspect less considered is their excellent thermal conductivity, particularly when operating under high bias conditions.
CNTs have recently emerged as versatile material for applications in organic electronics including
OLEDs and organic photovoltaics (OPVs) [15] [16] [17] [18] . Currently a large quantity of effort has been expended in the field of applications of SWCNTs to OLEDs because of their higher conductivity [15, 16, [19] [20] [21] , but less so to MWCNTs. MWCNTs are easier to process than SWCNTs, because they are less prone to forming tight bundles and are significantly more inexpensive. Also, because of the large number of concentric cylindrical graphitic tubes, MWCNTs are perhaps even more suitable for achieving charge transfer and charge transport due to the predicable HOMO-LUMO energy levels and metallic conductivity [22] . Generally, MWCNTs are employed either in the form of a composite with conjugated polymers or as plain sheets in OLEDs and they have been employed as hole-injecting electrodes, charge transport layers, etc [23] [24] [25] [26] [27] [28] [29] . But, in each of these cases, high operating voltages have been applied in order to obtain moderate luminance and output efficiency. To our knowledge, the device performance is still not satisfactory with the introduction of MWCNTs in OLEDs.
In fact, there are several papers on the mechanism of charge injection from MWCNTs into OLEDs [23] [24] [25] [26] [27] and OPVs [30] [31] [32] [33] [34] , but they are mainly used in composites blended with PEDOT:PSS or polymer active layers by which a sharp increase of electrical conductivity can be obtained even for very low concentration of nanotubes [23, 26, 27] . For example, improved luminance intensity and a decrease in the turn-on voltage in the OLEDs were obtained with the nanocomposites of PEDOT:PSS and MWCNTs as hole injection layers, with the highest reported luminance increased from 4,000 cd/m 2 at 20 V to 6,800 cd/m 2 at 15 V. The mechanism was attributed to the resistance decrease of the nanocomposites and the improvement of hole injection ability of the PEDOT:PSS by the MWCNTs fillings [24, 25] . MWCNTs were also reported to act as exciton dissociation centres in OPVs to get efficient charge transfer, and they may provide ballistic pathways for the electrons and hence can increase the effective carrier mobility in the active layer, and a percolation network created by the nanotubes is of great importance in transporting charge from one nanotube to another, and affords 5 additional charge transfer pathways [31, 32] . But the introduction of only MWCNTs as a buffer layer at the anode or at the cathode is still very novel, with no reported cases with the very high luminance [35] , in particular at low turn on voltages in any cases that have been reported that we are aware of for OLEDs. The MWCNT layer was used as the hole-collecting electrode in photovoltaic devices, but this was because of its relatively high conductivity and high work function [36] , as well as greater transparency in the near-infrared as compared to PEDOT:PSS films [37] . MWCNTs has been used as a cathode buffer layer for OLEDs to demonstrate increased electron injection and luminance characteristics, which is due to the enhancement of the local electric field and the reduction of the LUMO of the organic material [38] .
Here, we report a high luminance OLED with MWCNTs as efficient hole injectors for ITO show that the hole injection is enhanced by the use of o-MWCNT hole injection layers, and we show that the hole injection at this interface is achieved at much lower applied electric fields due to the enhancement of the local field at the tip of the nanotubes [39] . The concept introduced here is efficient and easy to implement, and therefore applicable for other organic devices, such as OPVs and organic field-effect transistors (OFETs). redispersed into 50% Ethanol/DI water at a concentration of 10 mg/ml over a period of 4 days on an orbital mixer, and low concentrations (0.01 mg/ml in this experiment) were diluted for use.
Experimental

Acid functionalization of MWCNTs
Device fabrication
The o-MWCNTs solution had ultrasonic treatment for 10 minutes before spin-coating on oxygenplasma precleaned ITO substrates. The spin-coating was done at 1000 rpm for 1 minute, then films were dried on a hot plate at 160 o C for 5 minutes to remove any solvents, and finally ITO substrates were loaded into the evaporator chamber for device fabrication. The device structure is anode/TPD (x nm)/Alq 3 (y nm)/LiF (1.0 nm)/Al (150 nm), in which the anode means ITO or ITO/o-MWCNTs, and x or y indicates the thickness variable for optimization. For hole-only devices, the structure is anode/TPD (120 nm)/Al (100 nm). All evaporations were conducted under a vacuum of 4 x 10 -6 torr. The deposition rates were controlled by a quartz oscillating thickness monitor. The current density-voltage-luminance characteristics were measured using Keithley (2400 and 2100) sources with a calibrated silicon photodiode. The morphology was characterized by AFM (Veeco Dimension 3100) in tapping mode. The 7 active area of the devices was 3.9 mm 2 . All measurements were performed without encapsulation in an ambient atmosphere.
Results and discussion
With the o-MWCNTs/ITO/glass assembly as the anode of OLEDs, the optical transmittance is not significantly reduced from the reference, which is shown in Figure 1 . The transmittances for both substrates are near-identical, especially in the visible region, and thereby not compromising the light emission of the OLEDs.
In terms of optimized concentrations of o-MWCNTs, we find the low concentration (0.01 mg/ml) reported here is the best. High concentrations of o-MWCNTs increase current conduction and thus device current, but they also decrease optical transmittance through the ITO and thereby device performance. Indeed, during the experiments we find that higher concentrations and enhanced coverage of the CNTs tend to easily destroy the diode structures, which we believe is due to electrode short The external quantum efficiency (EQE)-current density characteristics for our reference and target
OLEDs is shown in Figure 2b . The maximum EQE is improved from 1.57 % to 2.34 % by the introduction of o-MWCNTs on ITO, and there is a 50 % enhancement. Even at a high current density of 700 mA/cm 2 , the target device still produces a high EQE of 2.2 %. It seems that the EQE of the target device is independent to the drive voltage and over 1.9 % in a wide range of current density from 40 to 9 700 mA/cm 2 . As EQE is proportional to the ratio of the light output to the total injected current, the voltage independent EQE in the target device could be due to a balanced injection of holes and electrons, which should help enhance efficiency and stable OLEDs. In addition, a voltage independent EQE may show that the current conduction is not injection limited but bulk limited, which can be explained by the lower barrier height of ~0.4 eV at ITO/o-MWCNTs interface (inserted in Figure 2a) and the space-charge-limited current (SCLC) behavior in the current density-voltage (J-V) relation (Figure 3 ). While the voltage dependent EQE in the reference device may indicate that the current conduction is injection limited (hole in this case), which can be explained from the power-law dependence in the J-V relation (Figure 3 ), because there is a large barrier height of ~0.7 eV at the ITO/TPD interface (inserted in Figure 2a ). Figure 2c shows current efficiency-current density characteristics for reference and target devices.
Compared with the reference device, the maximum current efficiency is greatly improved from 15.36 to 22.73 cd/A. As the current density increases, the efficiency for the target device is relatively stable in a wide range of currents, while it decreases much faster for the reference device. In addition, the target device reaches the best current efficiency at the luminance of 10,588 cd/m 2 with a voltage of 9.4 V, and the current density at this point is 146 mA/cm 2 , while for the reference device, it appears at a luminance Table 1 , we list the optimized device performance parameters for both reference and target devices, and the performance improvements observed are very significant. The results also can be applied to other organic electronic devices that need high current density injection or extraction.
To elucidate the function of o-MWCNTs layer in the target device, we investigate J-V characteristics for hole-only devices, with both pure and modified ITO (Figure 3 ). There is a current increase of more than 10 5 times with the introduction of the o-MWCNT layer, especially at low voltages. It is clearly observed that the relationship of J-V obeys a power-law dependence, which has been proposed to be trap charge limited (TCL) [44] . This power-law dependence has been commonly observed in OLEDs [44] . Based on the assumption of an exponential trap energy distribution, the J-V relationship can be described as [44] Small changes in a surface can have significant effects, in particular if the current channels tend to be localized [39, 45] . Enhanced field-emission was demonstrated from semiconducting aligned CNTs.
This effect is associated with the cylindrical nanostructure of these materials from which a large electric field-enhancement at the tip of the tube is expected [46] . CNTs-polymer nanocomposites are used to act as field emission cathode, in which very low concentrations of CNTs can greatly enhance field emission [47] . It is shown that excellent electron emission can be obtained by using as little as 0.7% volume fraction of nanotubes in the composite and small coverage of MWCNTs will change the sheet resistance even a single dip/mono layer on glass. Also very low concentration was reported to provide better and high quality dispersion of SWCNTs in solutions, as the concentration was decreased the number of individual SWCNTs increased from 20% to 50% [48] . In our case, the mean roughness is increased with the introduction of o-MWCNTs on ITO, and from Fig 4(a) and (b), we can find the aligned MWCNTs on the surface of ITO, but not so straight. We can expect the enhancement of the local electric field brought by dielectric inhomogeneities within o-MWCNTs, which improves hole injection from anode to organic active layer at much lower applied electric field. These inhomogeneities originate from the differences between conductive, spatially localized sp 2 C clusters surrounded by a more insulating sp 3 matrix [45] .
Although hole injection is enhanced with the introduction of o-MWCNTs layer, there is no change in the EL spectra (not shown). The EL spectrum of the target device is identical to that of the reference device and is also independent of the drive voltage. Both devices have the same EL spectra around 532 nm, which means that the hole injection improvement doesn't alter the carrier recombination region.
This can be understood from the schematic diagram for energy levels (inserted in Figure 2a to some extent. The electron has too high a barrier (0.9 eV) to overcome to enter the TPD layer.
Therefore the carrier recombination zone is more or less fixed in the Alq 3 layer, near the interface of the TPD and Alq 3 .
Conclusion
In summary, we have demonstrated the application of o-MWCNTs in OLEDs based on Alq 3 with simple device structure, and we obtain very high luminance at relatively lower voltage which may be compared with the best related work on undoped Alq 3 fluorescent devices. As an efficient hole injection layer, o-MWCNTs improve the hole injection and allow for a better balanced hole and electron recombination. At only 10 V, the luminance can reach nearly 50,000 cd/m 2 , with an external quantum efficiency over 2%, and a current efficiency greater than 21 cd/A. The results will unlock the route of 
